Allergic diseases affect millions of adults and children in the United States. Allergen immunotherapy has been a treatment option for diseases such as allergic rhinitis, allergic asthma, and venom allergy for the last 100 years. In the last 25 years, alternative approaches to traditional subcutaneous immunotherapy have been developed. The purpose of these new therapies is two-fold: to improve safety and to improve the efficacy of allergen immunotherapy. Aluminum hydroxide has been used as an adjuvant to standard immunotherapy, but due to concerns about side effects, its use has been decreasing. The modification of allergens into allergoids has been an effective therapy in Europe, but at this time no preparations are available for use in the United States. Toll-like receptors have demonstrated mixed results with early trials in the United States, showing promise with the use of a TLR4 agonist, while a TLR9 agonist had disappointing results. Early studies with the use of virus-like particles with and without allergens have shown additional promise, and further trials are currently underway. These novel approaches may improve the immunologic response and often the clinical outcomes for the management of allergic diseases.
Introduction EPIDEMIOLOGY
Allergic diseases have increased in prevalence since the 1990s, affecting up to 50 million people in the United States. Allergen immunotherapy (AIT) has been an option for treating allergic diseases since it was initially described by Noon and Freeman over 100 years ago [1, 2] .
IMMUNOTHERAPY
Allergen immunotherapy modifies allergic diseases and subsequently reduces symptoms and medication usage. In 2007, a meta-analysis demonstrated a standardized mean difference reduction in rhinitis symptoms (73 %) and medication use (57 %) with subcutaneous immunotherapy (SCIT) [3] . In addition to allergic rhinitis, multiple placebo-controlled trials have demonstrated the benefit of SCIT in treating allergic asthma and hymenoptra allergy. In fact, SCIT can be considered curative for hymenoptera allergy. SCIT has also demonstrated an ability to prevent the development of new allergen sensitization and to decrease the risk of acquiring asthma in patients with only allergic rhinitis [4, 5] .
MECHANISM
Allergic disease is predominately a T-lymphocyte (TH2)-driven phenomenon. The mechanism of action of SCIT alters the immune response to a specific allergen from a TH2 response to a "non-allergic" T-lymphocyte (TH1) response by inducing regulatory T lymphocytes [6] . Regulatory T-cells downregulate allergic responses through the release of IL-10 and TGF-β. IL-10 increases the protective allergen-specific IgG4 while downregulating allergen-specific IgE. In addition, TGF-β increases allergen-specific IgA. Subcutaneous allergen immunotherapy blunts the seasonal increase in allergen-specific IgE, while allergen-specific IgG4 production is increased.
Treatment (Fig. 1) Alum
Alum is both a specific chemical compound and a class of chemical compounds. Aluminum salts such as aluminum hydroxide are adjuvants used in vaccines, and in AIT it is still the most widely-used [7] . Studies suggest that alums work by causing the formation of an antigen depot at the injection site where antigens are released more slowly, thereby increasing the duration of antigen interaction with the immune system, especially draining lymph nodes and antigen-presenting cells. Early mouse studies suggested that alum elicited primarily a Th2 response [8] . More recent animal studies have demonstrated an increased immunogenicity and decreased allergenicity with the use of alum in AIT [9] .
There is conflicting data on the potential of alum-based vaccines to increase antigen-specific IgE levels in children [10, 11] . An in vitro study on human peripheral blood mononuclear cells demonstrated that alum actually downregulates allergen-driven Th2 cytokine responses without affecting Th1 cytokines [12] .
The use of alum-based grass AIT has demonstrated improvements in symptoms and reductions in medication use, but no head-to-head comparisons with non-alum-based AIT have been performed [13, 14] . While alumbased vaccines are generally well-tolerated, they may involve increased discomfort at the site of injection compared to non-alum preparations. Granulomas, though documented with alum therapy, are uncommon with subcutaneous administration [15] .
Allergoids
Glutaraldehyde and formaldehyde have been used to modify allergens and produce allergoids, which reduce IgE epitopes (allergenicity) while preserving T-cell epitopes (immunogenicity) [16] . Allergoids are commonly used in European SCIT, but there are no current FDA-approved products in the United States. Depigoid® (Leti Pharma GmbH, Germany) tree pollen immunotherapy has demonstrated improvement in combined rhinoconjunctivitis symptom and medication scores compared to placebo, with 64 % of patients improving with therapy [17] .
Allergovit® (Allergopharma KG, Reinbek, Germany) is an aluminum hydroxide-adsorbed allergoid preparation of six-grass pollen allergens. In patients treated with pre-seasonal SCIT, treatment improved symptom scores and quality of life compared to placebo after one season [18] . In a 2-year, double-blind, placebo-controlled study in allergic rhinoconjuctivitis patients, Allergovit® reduced symptom and medication scores, increased grass-specific immunoglobulins (IgG1 and IgG4), and increased allergen tolerance by conjunctival provocation testing [19] . These improvements in medication and symptom scores and quality of life continued after a 3rd year of treatment [20] . When patients were evaluated 3 years after cessation of three seasons of treatment, their improvement in symptom scores and quality of life continued. In addition, new sensitizations were less in the allergoid-treated patients compared to those patients not treated with allergoid SCIT [21] .
In the pediatric population of allergic rhinitis patients, symptomatic and inflammatory parameter improvements have also been demonstrated with Allergovit® immunotherapy. These changes include decreases in typical, seasonal grass-specific IgE rise and inhibition of the production of IL-4. After one year of immunotherapy, skin test and nasal reactivity also decreased in the actively-treated patients [22] .
Acaroid® (Allergopharma KG, Reinbek, Germany) is a dust mite allergoid combined with alum. Over 400 adult and pediatric patients tolerated cluster schedule immunotherapy with Acaroid® without significant side effects [23] . In children with allergic asthma, the use of dust mite allergoid SCIT improved morning peak flows while reducing inhaled corticosteroid dose compared to placebo [24•] .
One concern is that the low allergenicity of allergoids in comparison to standard extracts may actually be associated with reduced immunogenicity [16] . Nonetheless, this remains a promising alternative approach to traditional SCIT, and future studies should be encouraged.
Toll-like receptors
Toll-like receptors (TLRs) are innate immune receptors designed to induce TH1 and regulatory T cell responses to pathogens [25] . Endotoxins such as lipopolysaccharides (LPS) are agonists for TLR4 receptors [26] . TLR9 responds to the nucleotide sequences of unmethylated cytosine-guanine dinucleotides (CpG), which are common in bacterial DNA. Turning on TLRs may be beneficial in preventing allergic immune responses.
TLR4-based adjuvants
Monophosphoryl lipid A (MPL®) is a detoxified derivative of lipid A from the Salmonella Minnesota R595 lipopolysaccharide that acts as a TLR4 agonist. Pollinex® Quattro (Allergy Therapeutics, UK) is a short pollen extract allergoid adsorbed onto L-tyrosine with the addition of MPL® [27• ].
An early, multicenter, placebo-controlled, randomized, double-blind clinical study in grass-allergic patients demonstrated the effectiveness of 12-grass extract Pollinex® Quattro with only four preseasonal subcutaneous injections over at least 3 weeks [28] . In patients treated with Pollinex® Quattro immunotherapy, rhinoconjunctivitis symptoms and medication use were decreased compared to placebo-treated patients. Grass-specific IgG antibody was increased with treatment, while the normal seasonal increase in grass-specific IgE was eliminated.
In a double-blind, placebo-controlled, randomized study, 14 patients received four preseasonal injections of Pollinex® Quattro birch IT (n=9) or placebo (n=5) [29] . Cytokine expression and proliferation of peripheral Tcell lines were evaluated before and after AIT, as well as during and after the following pollen season. Patients treated with AIT had increased IFNγ production in vitro. Patients treated with placebo had increases in IL-4 and IL-5 production during the pollen season that were inhibited by AIT. Despite these findings, it may take two seasons of treatment for true tolerance to develop based upon allergen-specific IgG and IgG4 levels and associated increase in T-regulatory lymphocytes [30] .
An open-labeled, multicenter study was performed involving 90 children and adolescents, treated with four subcutaneous injections of grass or tree Pollinex® Quattro [31] . Both grass and tree pollen treatment showed significant reductions in symptoms and medication use compared with the previous pollen seasons. In addition, after therapy, skin-prick test reactivity was significantly reduced and pollen-specific IgG was significantly increased, whereas pollen-specific IgE was unchanged.
Larger therapeutic trials were conducted in both pediatric and adult patients with allergic rhinitis, allergic conjunctivitis, and asthma caused by grasses, trees, or ragweed [32, 33] . Skin-prick test reactions and the seasonal allergen-induced rise of IgE were significantly reduced with Pollinex® treatment, while elevating allergen-specific IgG levels [33] . In a post-marketing survey of over 3,000 patients given 21,428 injections over 3 years, allergic rhinitis symptoms improved in 93 % of patients, and medication use decreased in 75 %. Local reactions occurred after 6.3 % of injections, systemic reactions after 0.5 % (mainly rhinitis symptoms), with no serious or anaphylactic reaction reported [34] . Similar results were seen in a pediatric population of over 400 patients with response to treatment assessed as good or very good in 94 % of patients. Rescue medication use decreased from 83 % to 24 % after the first treatment course, and to 13 % after the second course [35] . A large, randomized, double-blind, placebo-controlled study in 84 centers and with over 1,000 subjects evaluated patients with a history of allergic rhinoconjunctivitis treated with four preseason injections of Pollinex® grass IT. Treatment with grass IT improved combined symptom and medicine scores by 24 % compared to placebo during peak grass season. Those patients with symptoms up to 35 years had a greater response to therapy (31 % improvement), as well as those patients in areas of high grass pollen counts or more severe disease (31 % improvement) [36] .
Early trials in the United States demonstrated positive results for both grass and ragweed, but were temporarily suspended due to an adverse event. In 2012, the FDA lifted the hold in the US, and Pollinex® Quattro has now been approved to progress with a Phase III efficacy study [37] . Pollinex® Quattro is currently available for use in Austria, Germany, Greece, Italy, Portugal, Spain, and the UK.
The use of an early, phase I/IIa, double-blind, placebo-controlled study using a sublingual (SLIT) formulation of varying concentrations of grass extract with MPL was evaluated in 80 patients with allergic rhinitis out of season. Patients received daily treatments for 8 weeks. Nasal allergen challenges were performed prior to dosing and in weeks 4 and 10. All patients had positive nasal challenges at baseline. At week 10, the two groups of patients receiving the highest MPL amount demonstrated 47 and 44 % negative nasal challenges compared to the grass extract-only group, with 20 %, and the placebo group, with 20 % [38].
TLR9-based adjuvants
Early studies with inhaled CPG immunostimulatory sequences (ISS) on allergen-induced airway responses increased expression of interferon (IFN)-γ and IFN-inducible genes [39] . Despite these changes, there was no effect on early or late allergen-induced decreases in FEV1 compared with placebo. In addition, allergen-induced sputum eosinophils and Th2-related gene expression were not altered.
ISS conjugated with an antigen was reported to be 100-fold more effective than the nonconjugated mixture in inhibiting airway eosinphils and inducing Th1 differentiation [40] . Covalently binding 4 CpG molecules to short ragweed antigen (Amb a 1) dramatically reduced allergenicity and improved immunogenicity, especially TH1 responses in humans [41, 42] . In a mouse model of allergen-induced airway hyperresponsiveness, Amb a 1-CpG conjugate treatment reversed airway hyperresponsiveness and decreased bronchoalveolar lavage (BAL) eosinophils [43] .
In vitro studies of CpG ISS in combination with Amb a 1 decreased IL-5 secretion and increased IFN-γ production from peripheral blood mononuclear cells, reversing the ragweed-induced TH2 profile. The Amb a 1-ISS combination was more effective in modulating the cytokine profile than the use of ISS and Amb a 1 unlinked [44] . A subsequent in vivo study demonstrated that ragweed-induced TH2 responses were shifted toward TH1 responses, with significant increases in IFN-γ [45] . This may be due to an increased T-regulatory cell response [46] .
In an early phase, clinical study, patients with ragweed allergic rhinitis received six escalating doses of Amb a 1-immunostimulatory conjugate (AIC) (trade name Tolamba™) or placebo prior to ragweed season [47] . Patients treated with Tolamba™ had a significantly reduced seasonal increase in eosinophils and IL-4 mRNA-positive cells and an increased number of IFN-γ mRNApositive cells compared with placebo-treated patients 4 to 5 months later. No symptom improvement was noted after the initial ragweed season but during the next ragweed season, Tolamba™-treated patients had fewer chest symptoms.
A double-blind, placebo controlled, phase II study with six escalating doses of AIC weekly prior to ragweed season demonstrated decreases in peak-season rhinitis symptoms and medication use during both the first and subsequent ragweed season [48] . The typical seasonally-increased Amb a 1-specific IgE antibody levels were suppressed for both seasons, while a transient Amb a 1-specfic IgG increase was noted only during the first season. Immediate skin-test reactivity was decreased in the AIC-treated patients compared to placebo. In addition, the ragweed-induced TH2 cytokine profile was inhibited and IFN-γ mRNA was increased in nasal mucosa with AIC therapy [49] .
However, the development of Tolamba™was discontinued after the interim analysis of over 700 patients in a large, multi-site trial demonstrated only minimal ragweed-induced allergic rhinitis symptoms in the placebo group. Because of this, no meaningful efficacy data could be measured. Despite this, patients from the Midwest (over half the patients) treated with placebo did have greater ragweed symptoms and the Tolamba™-treated patients had reduced total nasal-symptom scores [50] .
Viral particle vectors
Another therapeutic option involves using virus-like particles (VLP) to protect allergens against proteases, decrease adverse reactions and improve uptake by antigen-presenting cells. Both subcutaneous and intramuscular administration of house-dust mite (HDM) peptide inserted into a VLP (bacteriophage-derived protein Qb), markedly increased dust mite-specific IgG and IgM within 30 days of treatment [51] .
A phase I/IIa study evaluated the subcutaneous injection of CpG ISS (synthetic oligodeoxynucleotide G10) contained in a bacteriophage Qb capsid (QbG10), resulting in virus-like particles,VLPs (CYT003-QbG10). This complex was admixed with HDM allergens and administered subcutaneously for 10 weeks in 20 patients with house dust mite allergy [52] . After treatment with QbG10 plus HDM, skin-test reactivity to HDM was reduced, and persisted for up to 38 weeks. The median individual increase in conjunctival HDM allergen provocation dose was 100-fold greater after therapy, with one patient demonstrating a 10,000-fold increase. Within 10 weeks of treatment, patients were nearly symptom-free and the improvement lasted for 38 weeks post-treatment. Following treatment, HDM-specific IgG increased, while there was a transient increase in allergen-specific IgE levels.
A larger, follow-up, phase IIb study evaluated nearly 300 patients with HDM allergy that were treated with CYT003-GbG10 without HDM allergen [53] . In patients treated with a high dose of CYT003-QbG10 as compared to those who received a placebo, rhinoconjunctivitis symptoms were significantly lower and quality of life scores were improved. The conjunctival allergen provocation test increased 10-fold in the high dose group, while in the placebo group it remained unchanged. Similar improvements were noted in patients with cat allergy [54] .
In a proof-of-concept, parallel-group, double-blind, randomized trial, 63 asthmatic patients were treated with seven injections of either QbG10 (without allergen) or placebo [55••] . Patients were well-controlled on ICSs alone with a subsequent, controlled steroid withdrawal period to study the effect of QbG10 treatment. All patient-reported parameters (symptoms, medication use) improved overall between weeks 0 and 12 in QbG10-treated patients despite steroid withdrawal, while placebo-treated patients experienced a deterioration of symptoms. At week 12, 67 % of the QbG10-treated patients were well-controlled, compared with only 33 % of placebo-treated patients. FEV1 values decreased by 8 % in patients who received placebo, while QbG10 patients saw no significant change (−0.6 %). Adverse events were mostly injection-site reactions (erythema, pruritis, and swelling at the injection site) occurring after QbG10 administration. A large phase III study in asthma patents is underway.
Conclusion
Allergen immunotherapy did not change dramatically in the first 75 years of its existence, but the last 25 years, and especially the last decade, have produced alternative approaches to traditional SCIT. Multiple different approaches to increase T-regulatory cells and reduce TH2 cytokine production are at the forefront of these changes (Table 1) . Adjuvants may improve the presentation of allergens to antigen-presenting cells. The modification of the allergen chemically may make allergens more immunogenic and less allergenic. The addition of TLR agonists increases the TH1 response when added to SCIT. Finally, the use of QbG10 as a non-allergen-specific IT approach looks promising. As we find out more about the pathogenesis of allergic diseases and explore the immunologic changes induced by standard SCIT and alternative treatments, we will likely find even more ways to take advantage of that knowledge to modify allergic diseases with novel AIT approaches. 
